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ABSTRACT
[Secret ]

As part of the evaluation of the Madre radar system at
the Chesapeake Bay Annex o! the Naval Research Laboratory,
data on a number of controlled over-the-horizon aircraft
flights have been taken. Of particular interest is a flight
which took place on 29 November 1962. The plane was a
P3V (similx to the commercial Electra) and it was flying
at an altitude of 24,000 ft from Lajes, Arores, to Norfolk,
Virginia. The radar operated at 18.036 Me/s with 4.6 Mw
peak power. The plane was tracked over a great circle
ground range from 1978 naut mi to 1391 naut mi. Radar
cross-section measurements of the plane are included in
this report, as well as an idealized treatment of the four-
path over-the-horizon case.

PROBLEM STATUS

This is an interim report on one phase of the problem;
work is continuing on this and other phases.

AUTHORI ZATION

NRL Problem R02-23
Projects RF 001-02-41-4007, and

AF MIPR (30-602) 63-2928, (30.602) 63-2929,
and (30-602) 63-2995

Xlankir-k ripw s uib iitet d hia rkh I I. 1')(,5,
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EXTENDED-RANGE AIRCRAFT TRACKING
[Unclassified Title]

INTRODUCTION

A part of the Naval Research Laboratory high-frequency radar missivn is to furnish
feasibility and specification data for the extension of radar range by usirpg ionospheric
refraction. The installation, located at the Chesapeake Bay Anmex (CBA) of the Nava.
Research Laboratory (NRL), is a higb-power, coherent, pulse doppler system (1) which
employs earth-backscatter rejection filters able to handle in excess of 70-db clutter-to-
signal ratios (2). After clutter filtering, a zero frequency i-f is sampled and stored with
range segregation on a magnetic drum or disk using a packing ratio of 82,800 to 1. The
previous 20 see of signal information is continuously available for stu1y in each l,1180-sec
interval because of the time compression. The form of analysis usL-d for the results given
herein consists of a complete doppler-versus-range analysis for each time period of 1.8
sec. The resolution bandwidth is the equivalent of 1/3 cps (3,4).

In this report, radar display data taken of a flight made specifically for NRL usc is
given. The flight took place on 29 November 1952. The aire'raft was a P3V (similar to
the commercial Electra), and it flew at an altitude of 24,000 ft from Lajes, Azores, to

Norfolk, Virginia. Radar tracking was performed betwuen great circle ground ranges ol
1978 naut mi anI 1391 naut mi from the Chesapeake Bay Annex of NRL. Apparent aircraft
echoing cross sections for this PWV are given, an' the variations in apparent echoing arca
are discussed.

EXPERIMENTAL RESULTS

During the controlled P3V flight of 29 November 1962, the radar operated oil 18.03,

Mc/s with 4.6 Mw peak power, 60 kw average pow-er, and a free-space antenna gain of
19.6 db. Figure 1 shows an amplitude-vs-range distribution of earth backscattcr. in the

direction of the flight, that was obtained during the test. The higher level backscatter
extends from 975 naut mi to about 2000 naut till, and this is the region in which the ftight
was tracked.

Figures 2(a) and bb) show a sequence, of range-velocity-intensity display scans during
the portion of the flight from about 12"18:09 p.m. to 12"32:09 p.m. ES7T. Time after 12:15
p.m. is ,ndicated below each frame in minutes andl :,,sonds. The or'c:i.tt" in each trranm

indicates doppler frequency (tfrom which we obtain do,:ei ) from 0 to 45 cps', \Onl thL'

at)s( issa indicates approximate radar range fi i oi 1350 Lu 1800 naut nir. ltiaigc anid ,'arge-
rate strobes are used for precise, target logging. The P3V return appears at (200,18) in

the first frame of Fig. 2Wal. .iid a caibration signai appears at (240.12). The k.,gvLt iio. -e
to •90,1 ) iii tht. last irainte of Fvi. 2(b). Durtng this 14--mmin p-ri'Id the radar range niea-
suied by the range strok changu' b\ 80 naut mi. This corresponds to a ratngc ratt, o0
.i43 knots. The av'rawut ranig, -rat-. strob)e reading during the sante time was 347 knot.,,.

Fligure 3 shows ithe P3N, apparent radar cro.,,5 tuction as the plati clowed in range.

The equation used to find tle cress section is

( 4 1 R 4 ,

SECRET
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Fig. 1 - Amplitude-vs-range distribution of earth backscatter during P3V
flight of 29 Nov. 1962

where P, and i't are the received and tranniitted pT.wers, R ! is th1 Aa.t_,
range to the target, and G is the rilaximum one-way antenna gain (25.6 db). This equation
does not take into account any loss, other than spreading loss, due to transmission in the
medium. Computed cross-section values will be lower than those resulting if (lie ivedium
loss factor were included. The task of even roughly presenting loss figures ill thie mledlunm
for the paths involved in long-distance over-the-horizon (OTH) detections is far from
simple, and such losses have been ignored, The dashed portions of Fig. 3 indicate tiin s
when the radar was inoperative. Received signal amplitudes aýe taken every minute, iln
ten cases the echo was not present at the reading time. These cases cor'espond to zero
cross section and are carried as such in computing average and median values. The zero
cross-section values are plotted on Fig. 3 along the base line, woich corresponds to a cross
sectioil of 10 sq im. The median value for the radar cross section is 370 sql ni and the aver-
age is 760 sq in. In computing, a maximum available antenna gain of 25.6 db is used since
6 tit is added to the free-space gain of 19.6 dh to account for placement of the antviina .ve'"r
ground. Thure will be times when the (Argtvl enerlgy doesn't comoe into th, .'antenna oni tile
nose of a lobe, and again thec ,olliluted tal get cross Section N will hi, lower than if Mehi a •'lu.i I
aitnt'lella gain had heen used.

FiK. 4 (a) shows a doppitir timec historV of thc 6-iui poil ofi t) i•is 3iV flight when the
pJlal t.,N ill the I,570-naut-nli slant range rtigon. For flu-.- type( of presteýntatioll the Incoming
SILIai.(s ark, rar'.ge gated with I :"00- se'" gatl' whiu h mOe'ts- wit\ih the targ,,et. TIhe aircrmat dop-
pit r track appears as a brokenl line'. This tic hnielu tit' ilow'ý; one ![" observl-t, t he target situa-
tioll from milnutt'es in thel past uinitil thit' i'!'Stit tilic and, ill thtis respect, it glves a doppler
(lliit, III.,oit y o1 theie target.

SECRET
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Fig. 2(&) -Sequence of range -velocitv-intensity display scam.s for P3NV flight.

Primary display of flight t r'' 2. :01) to 12 :2. :14 p.m. 1KSY.

E T'
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Fig. 2(b) -Sequence of ranige -veloc ity-intcnsity display scan@ for P3V flight.
Prmay isplay, )tI lig~lt 12':25:4k) to 123 o' i. ESTF.

SECRET
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Figure 4(b) is another example of this type of analysis. It shows 3 min of doppler
time history for an aircraft observed while the radar was set up for observation of AMR
test 3797, the A2 Polaris launch of 23 August 1963. In this analysis mode the incoming
signals are range gated with a 225-Asec gate. The aircraft track appears as a broken line
in the 20-cps doppler region. The range gate ran from 740 to 758 naut mi and was in an
optimum position for this aircraft, but the gate was out too far in range for the best mis-
sile effect. The missile signature shows after 60 sec and smears upward past the essen-
tially horizontal aircraft track. The doppler time history technique allows one to observe
the target situation from minutes in the past until the present time.

Figure 5 compares aircraft great-circle over-the-ground range to CBA, as derived
from the navigator's position reports, with slant range taken from the radar display. The
difference between slant range and ground range can be estimated roughly with data such
as given in Fig. 1, and it can be estimated more precisely with complete knowledge of the
prevailing ionospheric conditions.

The P3V data given above were taken on a transatlantic path at times when few other
targets were present. It is of interest to show a radar display taken when viewing an area
of greater aircraft population. Figure 6 shows aircraft returns on the radar doppler-range
display when looking over the continental USA. This observauon was a by-product of a
setup for the observation of a West Coast missile launch and was made with a smaller
gain antenna. Operating parameters for this setup were as follows:

Operating frequency - 18.036 Mc/s

Antenna bearing - 279' (i.e., looking west from NRL-CBA)

Antenna - 3 db, beamwidth 30', free-space gain 11.6 db

Power output - 100 kw (average)

Pulse repetition frequency (prf) - 90 per sec

1st-hop backscatter range - 1000 naut mi to 19.59 naut mi

Date and time - 12/13/63, 3:35 p.m. EST.

The receiver was gated on for the range intervals 450-900, 1350-1800, 2250-1700, etc.,
naut mi. The backscattex conditions indicated that the observed returns could only come
from the 1350 to 1800-naut-mi i ang?. Figure 6 shows doppler frequency along the ordi-
nate, from 0 to 45 cps, and the range from 1350 to 1800 naut mi is shown along the abscissa.
The large signal at 30 cps and 1700 naut mi is a calibration signal which corresponds to
a 10-.V peak-to-peak signal at th" antenna terminals. A target giving the swile signal
strength at this range would have a cross section of 1.156 104 sq m for an antenna gain
6 db above the 11.6-db free-space gain. There are at least nine aircraft echoes in this
display, which encompas-ses a range depth of 450 naut mi, situated west of Denver, Colo-
rado, with azimuthal covwrage from Helena, Montana, in the north to White Sands, New
Mexico, in the south.

APPARENT ECHOING CROSS SECI ION

A discussion of transmis"-o) medium ettects upon appatrent erhoinj cross section
may be helpful in studyi.ig the ailcrali dhtechtoi problem, Three idealized cases will be
treated.

SECRET



SECRET NAVAL RESEARCH LABORATORY 7

1300

1/ NAVIGATOR'S REPORTED
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Fig. 5 - Navigator-reported over-the-ground range compared with
radar slant range for P3V flight

Fig. 6 - Aircraft targetv viewed over
interior of continontal USA with tadar
facility at CBA

Case I: Cqnidcr an antenna and a t'irget in free space with the antenna being used for both
transmitting: ,tnd receiving (Fig. 7(a)). The power density S, at the target is S, ý Pt G,/(4,-R2 )
where P, is lhe power into the untenna, G, is the free-space gain of the antenna, and R is the
range to the target. The power density S, at tho antenna due to the echo from the target is
s =St */(4. R2) where , is the target echoing cross section. The cross section for the
free-space condition will be used to define . 4 rS,/''S,. Since S, P= r A, where Pr is

SE CM ET
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power available for the receiver ard A = Go k 2/47, is the capture area of the antenna with
X being the wavelength,

4iR 2 Sr Pr(4 )3 R4

St P tG,2X2

Case II: For this case the same antenna and target are placed over a conducting surface.
The antenna orientation is such that maximum gain is parallel to the conducting surface.
In Fig. 7(b) radiation frcm the antenna at A can reach the target at P by the path AP and by
path ABP. Assuming that no loss occurs from the reflection at B and that ARP - AP -. AP, the
electric field at P will be twice the free-space value E. when the electrical path length ABP
differs from AP by n,\ and will be zero when the path length difference is (n + 1/2).\. As
the elevation angle 4, is increased from zero to 90 degrees, the number of maxima where
the field is 2E. is 2h/A where h is the antenna height. Since power is proportional toE 2 ,
the maximum power density at P is S - (2E.) 2, or four times the free-space value. Applying
the same argument to the echo paths from the target to the receiver gives another increase
in power by a factor of four. Thus, to calculate 0,, 4G. would be used in the place of Go
when P is at a point of maximum field.

Case MI: In this case the target is placed over the horizon and is illuminated via the
ionosphere. Figure 7(c) shows the target illuminated by four different piths, and if the
four are in phase, S, - (4E.) 2 

= 16Eo 2. On the return to the receiving antenna, another
increase by a factor of sixteen with respect to the free-space case would be realized. To
calculate j, in an idealized lossless situation where the radiation arrived at the target
in phase, 16G0 would be used in the place of G_.

•P, G 4 :. i

A

' Co , . -..

"TI• rT r_7Ir" 17-1T 7 7 r-7 yTrTT7-F'I7-T 7 7 T-T-Tr7-r- r-'r• r-• 7r,? ý _

•+, ,,K~r• L• P•'7 ,,,,+

J+'jk 7 (,t'L llý ' lik.,t J' , t . I t h l) I ,,• It (,I) I t'v .+'- ,l),tt k.,

(I le i,. .- 1,t I g 7ht, .1,7(1 1, ) 0 I'll 7 j,.ý,tt)on
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The NRL antenna used in tracking aircraft over the horizon has a comparatively narrow
be&n-width in the horizontal plane, but it has free-space directivity in the vertical plane of
12.5 to 25 degrees between the 3-db points over the design frequency range. The antenna
height of 166 ft gives a fajirly small number of lobes in the vertical plane. The 3-db points
of the lowest two lobes are probably 4 degrees apart, yet they illuminate a ground range
hundreds of mi-es in extent via the ionosphere.

A different situation exists at the target end of the OTH path. Here the target is usually
thousands of feet above the earth's surface, and lobe structure due to target height above the
earth is quite extensive. For example, for an aircraft flying at 24,000 ft, an operating fre-
quency of 18.036 Mc/s would give 880 lobes in the vertical plane. With a moderately fast
aircraft, target returns could easily go through maxima and minima at the rate of one per
minute. The effective cross section computed from the amplitude of OTH aircraft echoes
would vary, due to this cause alone, from a zero value to a value 24 db greater than j

0
.

Based on a simplified model, i.e., considering only spreading loss and four (ideal) paths,
Fig. 8 shows bow the power received from an OTH target will vary as a function of over-the-
ground target range for the four-path case. The free-space reference is a hypothetical,
single, free-space path which does not involve any ground or ionospheric reflection. The

TARGET RAY ANGLE

lKF 540,
•6"~ 20' .

lot -*AY AN.!LE\ , ~/

• • ~~TARGE TY..t
r o I 24KF

.- 101 
1 1lo

Si0-4 I00

ac ,

A!

TAIGtI t•, UND RAN(;[ (NM) "TAk,,F I GROuN) RAN•I [NMI

(a) (b)

range: (a) target Cal .'4 an~d I Iýtt, and (h.) 'ojpindto gia1 ph ot ta rgct at I -kft height.
Transn,,ittuig aliltlemill hei' ght was uhost io a4 )I a 4 it mld monos pheric height a s 300 kni.
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The NRL antenna used .n tracking aircraft over the horizon has a comparatively narzow
beam-ldth in the horizontal plane, but it has free-space directivity in the vertical plane of
12.5 to 25 degrees between the 3-db points over the design frequency range. The antenna
height of 166 ft gives a fairly small nmber of lobes in the vertical plane. The 3-db points
of the lowest two lobes are probably 4 degrees apart, yet they illuminate a ground range
hundreds of miles in extent via the ionosphere.

A different situation exists it the target end of the OTH path. Here the target is usually
thousands of feet above the earth's surface, and lobe structure due to target height above the
earth is quite extensive. For example, for an aircraft flying at 24,000 ft, an operating fre-
quency of 18.036 Mc/s would give 880 lobes in the vertical plane. With a moderately fast
aircraft, target returns could easily go through maxima and minima at the rate of one per
minute. The effective cross section computed from the amplitude of OTH aircraft echoes
would vary, due to this cause alone, from a zero value to a value 24 db greater than ,,.

Based on a simplified model, i.e., considering only spreading loss and four (ideal) paths,
Fig. 8 shows how the power received from an OTH target will vary as a function of over-the-
ground target range for the four-path case. The free-space reference is a hypothetical,
single, free-space path which does not involve any ground or ionospheric reflection. The

t0 3 101. ......0 .
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IF5 40.5
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o ....
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I 8 (onh6IIu 1.PON1 '(' J ;NMI I.(\RU )LINO RAN. NP N d g \c tcgOu

lrakusmi-tirg ai~ttcild hveght v t h. si az. ItOl It Acd Imi(Ospi-.. i v.h ight as 3,10 kni.

SECR ET



10 NAVAL RESEARCH LABORATORY SECRET

data shown were computed using a G-15 computer. Target heights of I kft (1000 ft) and
24 kft are indicated. The height factor affects the time It takes a moving target to go
through a maximum and minimum cycle. The table below shows the time for the returns
from a 400-knot target to go from a maximum value to the next maximum value for this
simplified model. The target is on a great-circle course which passes over the radar
site.

Target Altitude Over-the-Ground Speed Max to Max Time

(kft) (knots) (min)

1 400 21

24 400 1

In real life the ionosphere does not reflect exactly like a perfect mirror. This dif-
ference from the ideal case treated above tends to apply a smoothing to the signal peaks
and nulls, and at times even introduce additional peaks and nulls. However, the results
shown in Fig. 8 and the table illustrate a difference between low-altitude and high-altitude
detection requirements. That is, a longer period of surveillance is required in the detec-
tion of low-altitude targets.

COMMENTS

In this report, the results of tracking one transatlantic P3V flight have been treated
in some detail. One hf frequency, 18.036 Me/s, was used to obtain adequate coverage of
the interval between 1000 and 2000 naut mi distance from the radar. The P3V was tracked
almost continuously for the distance between 1475 and 2000 naut mi except for two periods
when the radar was not operating. After the aircraft closed to 1475 naut ml, traciLng was
terminated due to demand for a different radar use; continued nbservation was possible
in to about 1000 naut mi. This example is illustrative of what can be done with an tit
extended range radar.

An important feature of hf OTH radars is that aircraft targets caw tI'. detected at any
altitude as long as they have sufficient relative velocity. The fading pattern of targets is
dependent upon altitude to some extent, with the faster fade rates being associated with
higher target altitudes.

Thousands of real-time OTH aircraft detections have been made with the NRL radar
in the 500 to 2000-naut-mi interval. In hundreds of eases a study of aircraft echo has
been made by tracking for some distance and recording received signal amplitudes (5-7).
The aircraft have ranged from the F100 (33-ft wing span and 47-ft length) to the larger
KC-135 and have included piston and turbo-prop types. Exclusive of times of ionospheric
disturbance, or storm, and times when the required operating frequency was outside the
capability of this experimental radar, fair illumination of a portion of the distance between
500 and 2000 r.aut mi hat4 been alwavs possible.

The following are the essential features of the radar:

a. One-way antenna gain of approximately 20 dh,

b. Radiated power of 60 to 100 kw average, 4.6 Mw peak,

SECRET
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c. In excess of 70-db rejection of earth backscatter, and

d. 1/3 cps bandwidth predetection signal filter.

It is felt that sufficient experience haG been accumulated to estimate system require-
ments for one-hop OTH aircraft detection. Principal deficiencies in knowlcdgc are due to
limited experience and to the use of frequencies above 13.5 Mc/s.
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Subj: Document Declassification

Ref: (1) Code 5309 Merorandun of 29 Jan. 1997
(2) Distribution Statements for Technical Publications

NRL/PU/5230-95-293

Encl: (a) Code 5309 Memorandum of 29 Jan. 1997
(b) List of old Code 5320 Reports
(c) List of old Code 5320 Memorandum Reports

1. In Enclosure (a) it was reccmTended that the following reports be declassified,
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public release; distribution is unlimited.
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very likely should receive the sare treatment.
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